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22 Introduction: Subperiosteal preparation using a periosteal elevator leads to disturbances of local periosteal
23microcirculation. Soft-tissue damage can usually be considerably reduced using piezoelectric technology. For
24this reason, we investigated the effects of a novel piezoelectric device on local periosteal microcirculation and
25compared this approach with the conventional preparation of the periosteum using a periosteal elevator.
26Material and methods: A total of 20 Lewis rats were randomly assigned to one of two groups. Subperiosteal
27preparation was performed using either a piezoelectric device or a periosteal elevator. Intravital microscopy
28wasperformed immediately after the procedure aswell as three and eight days postoperatively. Statistical analysis
29of microcirculatory parameters was performed ofﬂine using analysis of variance (ANOVA) on ranks (p b 0.05).
30Results: At all time points investigated, intravital microscopy demonstrated signiﬁcantly higher levels of periosteal
31perfusion in the group of rats that underwent piezosurgery than in the group of rats that underwent treatment
32with a periosteal elevator.
33Conclusion: The use of a piezoelectric device for subperiosteal preparation is associated with better periosteal
34microcirculation than the use of a conventional periosteal elevator. As a result, piezoelectric devices can be expected
to have a positive effect on bone metabolism.
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41 Introduction
42 The periosteum is amembrane that consists of connective tissue and
43 covers the bone. Morphologically, the periosteum can be divided into
44 three zones, each of which contains highly speciﬁc cells. The inner zone
45 is the osteogenic layer that contains cells similar to those of the endoste-
46 um. Among these cells are mesenchymal stem cells, osteoprogenitor
47 cells, active and resting osteoblasts, and/or active and resting osteoclasts.
48 The middle zone is a translucent layer that is characterized by a large
49 number of microvessels. The outer zone is a typical ﬁbrous layer that
50 contains collagen ﬁbers (Squier et al., 1990).
51 The speciﬁc structure of the periosteum is seen not only in children
52 but also in adults and allows bones to remodel themselves over time, for
53 example during bone fracture healing (Kowalski et al., n.d; Landry et al.,
54 2000; Ruecker et al., 1998). Periosteal cells play a major role in the sup-
55 ply of blood to the bone. The importance of intact periosteal tissue is
56underlined by the substantial contribution of periosteal blood cells to
57the supply of blood to the cortical bone (70–80% of arterial supply and
5890–100% of venous return)when compared to intraosseous blood vessels
59(Chanavaz, 1995). The periosteum is closely attached to theboneby col-
60lagen ﬁbers in the bone matrix and by hemidesmosomes (Junqueira
61et al., 1996). Surgical procedures, especially those directly involving
62bone, often have adverse effects on the osteogenic potential of the peri-
63osteum since they are associated with the detachment of periosteal
64tissue from the bone. Periosteal damage can either be caused by the
65deliberate separation of the periosteum from the bone during surgery
66or it can be the result of a disease or trauma.
67The preparation of the periosteum is a routine procedure in trauma
68surgery, reconstructive surgery and especially dentoalveolar surgery
69(Flores-de-Jacoby, 1987; Harrison and Jurosky, 1991; Kramper et al.,
701984; Lutz and Schlegel, 2000). It is commonly performed using a peri-
71osteal elevator that is used formanually lifting and separating periosteal
72tissue from the bone. This procedure causes damage to the morpholog-
73ical structure of the periosteum and especially to the cells of the osteo-
74genic layer. The result is a complete or partial loss of periosteal function
75(Mercurio et al., 2012; Schaser, 2003). It is currently impossible for sur-
76geons to prepare the periosteum between the osteogenic layer and the
77underlying bone in such a way that the periosteum remains intact. The
78use of a periosteal elevator leads to the disruption of periosteal integrity
☆ Conﬂict of interest. Themanuscript has not been published or submitted for publication
elsewhere, neither in part nor in total. There are no commercial interest and relationship of
each author in connection with the submitted manuscript.
⁎ Corresponding author at: Department of Oral and Maxillofacial Surgery, Hannover
Medical School, Carl-Neuberg-Strasse 1, D-30625 Hannover, Germany. Fax: +49 511
5324554.
E-mail address:marcus_stoetzer@web.de (M. Stoetzer).
http://dx.doi.org/10.1016/j.mvr.2014.06.003
0026-2862/© 2014 Published by Elsevier Inc.
Please cite this article as: Stoetzer, M., et al., Effects of a new piezoelectric device on periosteal microcirculation after subperiosteal preparation,
Microvasc. Res. (2014), http://dx.doi.org/10.1016/j.mvr.2014.06.003
U
N
C
O
R
R
E
C
TE
D
 P
R
O
O
F
79 and the separation of the periosteum from the bone as a result of a pro-
80 cess that is mainly mechanical in nature. The destruction of the connec-
81 tion between bone and periosteum damages the regenerative cells of
82 the periosteum and reduces their osteogenic potential (Bilkay et al.,
83 2000; Li et al., 2004; Svindland et al., 1995). Successful osteoinduction
84 and osteoconduction, however, require the preservation of cell vitality
85 in the periosteum (Schaser, 2003). Periosteal cells provide nutrition to
86 the underlying bone by free diffusion. Adequate functioning of the peri-
87 osteum is of far greater importance to patients who have underlying
88 diseases such as diabetes mellitus or undergo tumor treatment and
89 receive chemotherapeutic agents than it is to healthy people since the
90 periosteum plays an important role in promoting rapid bone healing.
91 If these patients undergo surgery involving bone, particular care must
92 be taken to cause no damage or as little damage as possible to the
93 periosteum with a view to ensuring subsequent bone healing without
94 dehiscences or necrosis (Claes and Heigele, 1999). If the bone is dam-
95 aged without compromising local periosteal microcirculation, good
96 bone healing can be expected. If, by contrast, local periosteal micro-
97 circulation is compromised, the regenerative potential of the perioste-
98 um will be reduced. Good periosteal microcirculation is of paramount
99 importance for bone modeling (Mercurio et al., 2012). In the literature,
100 there is only a paucity of chronic studies on periosteal perfusion during
101 and after subperiosteal preparation.
102 Whereas piezoelectric ultrasonic instruments have been available
103 since 1988, devices utilizing the piezoelectric effect have been used for
104 medical purposes only since 1998. Applications of piezoelectric devices
105 include hard-tissue surgery, periodontal surgery, the removal of im-
106 pacted teeth, apical surgery (Vercellotti, 2004; Vercellotti et al., 2001),
107 and bone expansion (Metzger et al., 2006; Schlee et al., 2006).
108 The piezoelectric effect is based on physical interactions in crystal-
109 line materials. The application of an electric ﬁeld creates nanoscale
110 deformations in a crystal. This dynamic effect can be used to transform
111 longitudinal or transverse movements of a ferroelectric material into a
112 surgical cutting action. Piezoelectric devices are operated at different
113 frequencies depending on the density of the tissue to be cut.
114 The tip of the ultrasonic device vibrateswithin a range of 20–200 μm
115 at a frequency of 20,000 Hz. Piezoelectric devices are permanently
116 cooled with sterile physiological saline during use so that heat-
117 induced trauma can be largely ruled out (Bacci et al., 2010; Berengo
118 et al., 2006) and the risk of bacterial contamination is minimized.
119 The essential difference between piezoelectric devices and conven-
120 tional preparation instruments is that piezoelectric devices operate in
121 a tissue-speciﬁc manner. Every tissue has a speciﬁc frequency range at
122 which it can be cut. A piezoelectric device can therefore cut a speciﬁc
123 type of tissue without causing damage to adjacent tissues. Damage to
124 the soft tissues (e.g. nerves) that surround bone, for example, is caused
125 only at frequencies above 50 kHz (Vercellotti, 2000; von See et al.,
126 2011). In addition, piezoelectric devices have the advantage that they
127 cause minimal bleeding when they are used to cut bone. The extent to
128 which piezoelectric devices adversely affect periosteal microcirculation
129 has not yet been investigated.While there are a few studies that address
130 the behavior of bone when it is being cut by piezoelectric devices, there
131 are no studies that examine local microcirculation within the perios-
132 teum during and after the cutting operation. We conducted this
133 study in order to investigate the effects of piezoelectric surgery on
134 local periosteal microcirculation and compared the use of a piezoelec-
135 tric device and a conventional periosteal elevator for the preparation
136 of the periosteum.
137 Material and methods
138 Laboratory animals
139 All procedures were approved by the responsible authority
140 (Ref. 12/0861) and were performed in accordance with the German
141 Animal Protection Act and the Guide for the Care and Use of Laboratory
142Animals (National Research Council, 2011). The study involved 20 adult
143male Lewis rats with a body weight between 300 g and 330 g (Harlan-
144Winkelmann, Borchen, Germany). The rats were housed singly in cages
145at a room temperature of 22–24 °C and a relative humidity of 60–65%
146with a 12-hour day/night cycle. They received water and dry food
147(Altromin, Lage, Germany) ad libitum during the entire investigation.
148Study design and experimental groups
149Microcirculatory parameters were assessed on day 0 immediately
150after subperiosteal preparation with the different instruments and on
151days 3 and 8 after the procedure. The experiments were performed on
152the basis of a model established by Stuehmer et al. (2009).
153The rats (n = 20) were divided into two experimental groups.
154Group 1 n = 10, subperiosteal preparation with a periosteal elevator,
155intravital microscopy
156Group 2 n = 10, subperiosteal preparation with a piezoelectric device,
157intravital microscopy
158Procedures
159The animals were anesthetized using an intraperitoneal injection of
160ketamine (Ketavet®, 75mg per kg bodyweight, Parke-Davis, Germany)
161and xylazine (Rompun®, 25 mg per kg bodyweight, Bayer HealthCare,
162Germany). A surgical blade was used to make an incision through the
163skin and periosteum in the occipital region in order to expose the
164calvaria. Depending on the group, either a periosteal elevator or a piezo-
165electric device was used for the preparation procedure. The skin was
166then repositioned and secured in place with sutures (Ethicon Vicryl®
167sutures 4-0, Johnson & Johnson, Germany). The procedure took approx-
168imately 10 min. Intravital microscopy was performed subsequently.
169Periosteal vascularization was analyzed by intravital microscopy on
170the following days at the timepoints indicated above. Everymicroscopic
171examination took approximately 30 min.
172Intravital ﬂuorescence microscopy of the periosteum
173Under anesthesia with intraperitoneal ketamine (Ketavet®,
17475 mg per kg bodyweight) and xylazine (25 mg per kg bodyweight),
175intravital ﬂuorescence microscopy was performed immediately after
176the preparation of the periosteum and on days 3 and 8 after the pro-
177cedure. Fluorescein–isothiocyanate-labeled dextran (FITC-dextran,
178molecular weight: 150,000 Da, Sigma, Taufkirchen, Germany, 5% in
1790.9% NaCl solution, 0.1 ml) was injected into the tail vein of each animal
180for contrast enhancement of blood plasma. This technique permitted
181the imaging of microcirculation. All examinations were recorded
182on-line using a highly sensitive video camera and quantitatively ana-
183lyzed (off-line)with computer assistance at a later time in order tomin-
184imize examination times.
185Reﬂected lightﬂuorescencemicroscopywas performed using a Zeiss
186Axiotech microscope (Zeiss, Oberkochen, Germany) at 20× magniﬁca-
187tion. A blue ﬁlter block (450–490 nm) permitted the visualization of
188blood plasma. Microscopic images were recorded using a highly sensi-
189tive video camera (FK 6990 IQ-S, Pieper, Schwerte, Germany) and trans-
190ferred to a DVD system (LQ-MS 800, Panasonic, Hamburg, Germany) for
191off-line evaluation.
192Image analysis
193Computer-assisted quantitative image analysis was performed
194off-line using CapImage image analysis software (Zeintl, Heidelberg,
195Germany). Functional capillary density, microvessel diameters and vol-
196umetric blood ﬂow were determined in the venules. Functional vessel
197densitywas assessed on the basis of the length of perfusedmicrovessels
198per observation area. Diameters (d) were measured perpendicular to
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199 the vessel path and are expressed in mm. Volumetric blood ﬂow was
200 calculated using the formula: π × (d/2)2 × v/K, where K represents
201 the Baker–Wayland factor to correct for the parabolic velocity proﬁle
202 in microvessels with a diameter N20 μm (Baker and Wayland, 1974).
203 Statistical analysis
204 Normal distribution and homogeneity of variance were assessed.
205 Results are expressed as means and standard errors of measurement
206 (SEM). Differences between groups were evaluated with a one-way
207 analysis of variance (ANOVA) on ranks. Differences within groups
208 were also analyzed by ANOVA. Student–Newman–Keuls or Duncan
209 post-hoc tests were used to isolate speciﬁc differences. A p-value
210 b0.05 was considered signiﬁcant. Data was collected and analyzed
211 using Microsoft Ofﬁce Excel 2007 and IBM SPSS (Statistics 21, IBM
212 Deutschland GmbH, Germany).
213 Results
214 Intravital ﬂuorescence microscopy
215 Periosteal microcirculation was imaged in detail using intravital
216 ﬂuorescence microcopy. The group of rats whose periosteum had
217 been prepared with a piezoelectric device was compared with the
218 group of rats whose periosteum had been prepared with a periosteal
219 elevator.
220 The periosteal elevator group had a signiﬁcantly lower functional
221 capillary density than the piezoelectric device group at all time points
222 investigated. Postoperatively, both groups showed a considerable in-
223 crease in functional capillary density, which, however, was always
224 lower in the periosteal elevator group than in the piezoelectric device
225 group (Fig. 1). Means and standard deviations are given in Table 1.
226 Microvascular red blood cell velocity was signiﬁcantly lower in the
227 periosteal elevator group than in the piezoelectric device group. On
228 day 0, red blood cell velocity was 0.31 mm/s (±0.12) in the periosteal
229 elevator group and 0.69 mm/s (±0.43) in the piezoelectric device
230group. During the following 8 days, the red blood cell velocities in the
231periosteal elevator group became more similar to those measured in
232the piezoelectric device group. At no time point, however, were red
233blood cell velocities in the periosteal elevator group as high as or higher
234than those in the piezoelectric device group. Microvascular red blood
235cell velocities were almost constant in the piezoelectric device group
236and increased only moderately in the periosteal elevator group during
237the observation period (Fig. 2). Means and standard deviations are
238shown in Table 2.
239On day 0, only vessels with a small diameter were found in the peri-
240osteal elevator group. Vessel diameters considerably increased during
241the observation period. In the piezoelectric device group, the diameters
242of perfused microvessels were considerably larger than those in the
243other group at all time points and changed onlymildly during the obser-
244vation period (Fig. 3). Means and standard deviations are given in
245Table 3.
246Discussion
247In the study presented here, a novel device for the preparation of the
248periosteumwas compared with a conventional periosteal elevator in an
249animal model.
250Microvascular perfusion of different types of tissues can be investi-
251gated in vivo by a variety of methods such as laser Doppler ﬂowmetry
252and polarographic oxymetry (Baker and Wayland, 1974; Kowalski
253et al., n.d;Menger et al., 1992). Themain disadvantage of thesemethods
254is that tissue perfusion can be imaged only indirectly and that no infor-
255mation about the perfusion of individual microvessels can be obtained.
Fig. 1.Microvessel densities (logarithmic scale) at different time points (days 0, 3 and 8).
Outliers that are more than 1.5 times the length of the box below the 25th percentile or
above the 75th percentile are represented as circles and outliers that are more than 3
times the length of the box below the 25th percentile or above the 75th percentile are rep-
resented as asterisks.
t1:1Table 1
t1:2Means and standard deviations (SD) for microvessel density.
Days after surgery Periosteal elevator group
[cm/cm2] (mean/SD)
Piezoelectric device group
[cm/cm2] (mean/SD) t1:3
0 22.73 ± 13.98 80.69 ± 17.66 t1:4
3 31.00 ± 18.67 68.96 ± 20.31 t1:5
8 120.15 ± 99.31 127.96 ± 36.56 t1:6
Fig. 2. Blood cell velocities on days 0, 3 and 8. For a better view, the y-axis uses a logarith-
mic scale. Outliers that are more than 1.5 times the length of the box below the 25th per-
centile or above the 75th percentile are represented as circles and outliers that are more
than 3 times the length of the box below the 25th percentile or above the 75th percentile
are represented as asterisks.
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256 By contrast, intravital microscopy offers the possibility of studying the
257 perfusion of individual microvessels even over a prolonged period of
258 time (Baker and Wayland, 1974; Vollmar et al., 1996). This method
259 has been shown to be suitable for investigating periosteal perfusion in
260 other studies (Gülnahar et al., 2013; von See et al., 2010). The technique
261 that was used in the study presented here, i.e. intravital ﬂuorescence
262 microscopy, is an established method and has been used by Menger
263 et al. (1992)Q4 in the past twenty years for awide variety of investigations.
264 Although the transferability of the results of these studies to physiolog-
265 ical and pathological processes in humans is limited, ﬁndings for a spe-
266 ciﬁc species can be directly compared and provide a basis for reliable
267 conclusions.
268 We determined functional capillary density, blood ﬂow within
269 microvessels and the diameters of microvessels in the periosteum in
270 order to investigate whether a piezoelectric device causes less irritation
271 to microvessels than a conventional periosteal elevator.
272 Our results show that the use of the piezoelectric device for the prep-
273 aration of the periosteum was associated with a considerably higher
274 post-procedural periosteal blood ﬂow than the conventional method
275 with a periosteal elevator. Several studies reported that piezosurgery
276 is an atraumatic process that causes only minimal tissue damage
277 (Gülnahar et al., 2013). The study presented here conﬁrms this ﬁnding
278 for subperiosteal preparation. One possible explanation is that the use
279 of a piezoelectric device leads to the formation of fewer microthrombi
280 during subperiosteal preparation than a periosteal elevator. Schaser
281 et al. (Schaser, 2003), for example, showed that trauma to the perioste-
282 um resulted in the formation of microthrombi and disturbances of per-
283 fusion within the periosteum.
284Functional capillary density was signiﬁcantly higher after prepara-
285tion with a piezoelectric device. As a result, a considerably higher num-
286ber of perfused vessels were available for periosteal supply. In addition,
287the piezoelectric device was associated with a signiﬁcantly higher mi-
288crovascular blood ﬂow than the periosteal elevator.
289Vessel density in the periosteum plays an important role in the
290supply of blood to the bone (Chanavaz, 1995). Every surgical proce-
291dure that leads to subperiosteal exposure compromises microcircula-
292tion (Kowalski et al., n.d). For this reason, surgeons always attempt to
293preserve the integrity of the periosteum as far as possible during ortho-
294pedic and trauma surgeries (Gautier and Ganz, 1994).
295Conclusions
296The results reported here show that the use of a piezoelectric
297device for the preparation of the periosteum has considerable advan-
298tages. Further studies are required to investigate possible positive effects
299on bone remodeling in patients who have comorbidities and, for exam-
300ple, are treatedwith bisphophonates, chemotherapeutic agents, or other
301medications.
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